Human APOBEC3A (A3A) is a single-domain cytidine deaminase that converts deoxycytidine residues to deoxyuridine in single-stranded DNA (ssDNA). It inhibits a wide range of viruses and endogenous retroelements such as LINE-1, but it can also edit genomic DNA, which may play a role in carcinogenesis. Here, we extend our recent findings on the NMR structure of A3A and report structural, biochemical and cell-based mutagenesis studies to further characterize A3A's deaminase and nucleic acid binding activities. We find that A3A binds ssRNA, but the RNA and DNA binding interfaces differ and no deamination of ssRNA is detected. Surprisingly, with only one exception (G105A), alanine substitution mutants with changes in residues affected by specific ssDNA binding retain deaminase activity. Furthermore, A3A binds and deaminates ssDNA in a length-dependent manner. Using catalytically active and inactive A3A mutants, we show that the determinants of A3A deaminase activity and anti-LINE-1 activity are not the same. Finally, we demonstrate A3A's potential to mutate genomic DNA during transient strand separation and show that this process could be counteracted by ssDNA binding proteins. Taken together, our studies provide new insights into the molecular properties of A3A and its role in multiple cellular and antiviral functions.
INTRODUCTION
The human APOBEC3 (A3) proteins are host restriction factors that exhibit activity against retroviruses and endogenous retroelements and play an important role in the innate immune response to human pathogens (1) (2) (3) (4) . These proteins function as deoxycytidine deaminases that convert dC to dU in single-stranded DNA (ssDNA) and behave as DNA mutators (5, 6) . The A3 family consists of seven members, having either one (A3A, A3C and A3H) or two (A3B, A3D, A3F and A3G) zinc (Zn)-binding domains with the conserved motif HX 1 EX 23-24 CX 2-4 C (X is any amino acid) (1, 2, 7) . The cysteine and histidine residues coordinate a zinc metal ion (Zn 2+ ), and the glutamic acid is implicated in proton transfer during catalysis (1, 8) . The deamination target site specificity of A3 proteins is determined by the nucleotides (nt) flanking dC residues in the substrate (6, 9) .
A3A is a single-domain deaminase that acts on the cytosine bases in TC-containing ssDNA (10) (11) (12) (13) (14) (15) (16) ; moreover, it can also deaminate methyl cytosine residues (17) (18) (19) . It is expressed in peripheral blood mononuclear cells, specifically in the cells of the CD14+ lineage that includes monocytes and macrophages (10, 12, (20) (21) (22) . In addition, A3A is also expressed in psoriatic keratinocytes and in normal keratinocytes, but only on treatment with an activator of protein kinase C (23, 24) . Although A3A displays multiple biological activities, deamination is not necessarily required in each case. Early studies showed that A3A has robust activity against long interspersed element-1 (LINE-1) and Alu retrotransposition in cellbased assays (10, 13, (25) (26) (27) (28) (29) (30) (reviewed in refs. 31, 32) . Surprisingly, no DNA mutations that could be ascribed to A3A's deaminase activity were detected in LINE-1 and other retrotransposon DNA sequences, suggesting that alternative mechanisms, independent of A3A's catalytic activity, might be involved (10, 26, 27) . A deaminase-independent mechanism was also indicated for A3A-mediated inhibition of parvovirus replication (10, 33) . However, A3A's editing function was found to be required for its ability to mutate human papilloma virus DNA (34) , to degrade foreign DNA in human cells (12, 15) and to block replication of Rous sarcoma virus (35) and human T-lymphotropic virus type 1 (HTLV-1) (36) .
Initially it was reported that A3A does not inhibit HIV-1 infectivity in single-cycle and replication assays in T cells and other established cell lines (10, 11, 28, (37) (38) (39) . However, several groups have provided evidence that A3A inhibits HIV-1 replication in cells of myeloid origin (e.g. monocyte-derived macrophages) (20, 40, 41) , where its expression is stimulated by addition of interferonalpha (10, (20) (21) (22) 42) . Moreover, A3A-specific editing of HIV-1 minus-strand DNA during reverse transcription was found to occur in infected myeloid cells (40) , suggesting a role for A3A deaminase activity in HIV-1 restriction.
A3A appears to play an important role as a cellular defense protein, but its DNA mutator activity could also be detrimental to the cell in which it is expressed. Moreover, as A3A localizes to the cytoplasm and to the nucleus in certain cell lines, it has access to genomic DNA (10, 26, 27, 38, 43) . Studies using cell-based assays showed that A3A has the potential to mutate genomic and mitochondrial DNA (15, 44, 45) . In addition, cellular expression of A3A was shown to induce strand breaks, trigger the DNA damage response and cause cell cycle arrest (44, 46) . Thus, it seems likely that cellular regulatory mechanisms may be in place to modulate A3A function and prevent these harmful effects. The human TRIB3 protein was shown to lower the levels of genomic DNA editing by A3A (47) . More recently, however, it was reported that in myeloid cells, A3A is found exclusively in the cytoplasm, suggesting that cytoplasmic retention in these cells prevents damage to nuclear DNA (48) .
To elucidate the molecular mechanisms that govern the biological functions of A3A, we recently solved the A3A solution structure at high resolution using NMR spectroscopy (16) . The overall structure of A3A was found to be similar to structures described for A3C (49) and for the C-terminal domain of A3G (A3G-CD2) (50-54) (reviewed in ref. 55) , despite some differences, mainly in the loop regions. We also defined the surface for A3A interaction with short ssDNA substrates (!15 nt) and performed a detailed analysis of substrate binding and specificity. Our results showed that the binding and deamination activity of A3A with ssDNA oligonucleotides containing TTCA and ACCCA motifs are similar, consistent with the A3A editing site preference in cell-based assays, i.e. predominantly in TC-and CC-containing regions (12, 15, 34, 36) .
Here, we report the biochemical and biological properties of A3A, taking advantage of the structural information in our earlier study (16) . Initially, we probed the interaction of A3A with a 9-nt ssRNA by NMR. In contrast to previous results obtained with a 9-nt ssDNA of the same sequence (16) , we found that ssRNA is not a substrate for A3A deaminase activity and is bound more weakly to the enzyme. Using structure-guided mutagenesis, point mutations were introduced into residues identified as important for specific binding to ssDNA substrates and the effect on deaminase activity was measured. In addition, longer ssDNAs (!20 nt) were used to determine the oligonucleotide length dependence for ssDNA deamination and nucleic acid binding. Finally, we explored the role of deaminase and nucleic acid binding properties of A3A in relation to its biological activities, i.e. inhibition of LINE-1 retrotransposition and HIV-1 reverse transcription as well as genomic DNA editing, which can lead to tumor formation.
MATERIALS AND METHODS

Materials
Unlabeled DNA oligonucleotides used for electrophoretic mobility shift assays (EMSA), deaminase assays and cloning were obtained from Lofstrand Labs Ltd (Gaithersburg, MD, USA). All RNA oligonucleotides and DNA oligonucleotides labeled with AlexaFluor 488 Õ were purchased from Integrated DNA Technologies (Coralville, IA, USA). Oligonucleotides used for deaminase assays and EMSA were either gel-purifed or were subjected to purification using highpressure liquid chromatography (HPLC) and are listed in Table 1 . Oligonucleotide concentrations were determined by absorbance at 260 nm, using the extinction coefficient provided by the manufacturer. [g-33 P]ATP and [g-32 P]ATP (each 3000 Ci/mmol) were purchased from PerkinElmer (Waltham, MA, USA). HIV-1 reverse transcriptase (RT) was obtained from Worthington Biochemical Corp (Lakewood, NJ, USA). T4 polynucleotide kinase and Escherichia coli (E. coli) uracil DNA glycosylase (UDG) were purchased from New England Biolabs (Beverly, MA, USA). Nuclease-free water, SUPERaseIn, Proteinase K and gel loading buffer were obtained from Ambion Õ (Life Technnologies Corp., Grand Island, NY, USA). Rabbit anti-A3G antibody (ApoC17) (56), a highly cross-reactive antiserum used for detection of A3A proteins, was a generous gift from Dr. Klaus Strebel (NIAID, NIH). Anti-tubulin antibody was obtained from Abcam (Cambridge, MA, USA). HIV-1 nucleocapsid protein (NC) was kindly provided by Dr. Robert J. Gorelick (SAIC-Frederick, Inc.). T4 Gene 32 and E. coli SSB proteins were purchased from Affymetrix, Inc. (Santa Clara, CA, USA).
A3A expression in E. coli and purification
Synthetic A3A genes with a C-terminal His6-tag (LEHHHHHH) were inserted into the NdeI-XhoI site of the pET21 plasmid (Novagen) for expression in E. coli Rosetta 2 (DE3) and purified as described previously (16) . Recombinant proteins were estimated to be >95% pure, as determined by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 2D 1 H-15 N heteronuclear single quantum coherence (HSQC) spectroscopy (16) . The protein concentration was determined using the BCA protein assay kit (Pierce, Thermo Fisher Scientific Inc., Rockland, IL, USA) and verified by amino acid analysis of an acid hydrolysate (Keck Biotechnology Resource Laboratory, Yale University, New Haven, CT, USA). To check for nuclease contamination in each A3A preparation, different amounts of A3A protein were incubated with 32 P-labeled DNA or RNA oligonucleotides. Analysis by PAGE indicated that the A3A preparations were virtually nuclease-free (data not shown). The E72Q, Y130F and D131E mutant proteins were constructed, expressed and purified as described above (16) . These proteins were shown to exhibit a wild-type (WT) fold by 1 H-15 N HSQC NMR spectroscopy (Supplementary Figure S1 ).
Real-time NMR studies of ssRNA deamination
A3A (final concentration, 0.07 mM) was added to a HPLC -purified 9-nt ssRNA oligonucleotide (1.12 mM), AUUUCAUUU (JL1181, Table 1 ), in 25 mM sodium phosphate buffer (pH 6.9) containing 10 mM DTT. Deamination was monitored by acquiring a time series of 2D 1 H-13 C HSQC spectra at 900 MHz, 25 C (16).
Mapping the A3A ssRNA binding site and titration by NMR
To monitor ssRNA binding to A3A, aliquots of a 20 mM AUUUCAUUU stock solution were added to 0.074 mM 13 C/ 15 N-labeled A3A in 25 mM sodium phosphate buffer (pH 6.9) containing 10 mM DTT. A series of 2D 1 H- 15 15 N-combined chemical shift changes were mapped on the A3A NMR structure (16) . Binding isotherms were obtained by plotting 1 HN proton chemical shift changes observed for F54, W98, S103 and W104 versus nucleotide concentration. Dissociation constants (K d ) were calculated by non-linear best fit of the data using KaleidaGraph (Synergy Software, Reading, PA, USA), with subsequent averaging of the K d values of all four amino acid resonances. All of the structure figures were generated using MOLMOL (57) .
Construction of A3A mutants for cell-based assays
The A3A coding sequence (Genbank Accession # NM_145699) was inserted into a pCDNA 3.1(À) vector (Invitrogen, Life Technologies Corp.) for expression in mammalian cells. All of the A3A mutants were constructed using the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA). The primers for mutant construction were designed using the online QuikChange Primer Design Program provided by the manufacturer. Large-scale plasmid preparation was performed using the HiSpeed Plasmid Maxi Prep kit (Qiagen Inc., Germantown, MD, USA). For each plasmid, the sequence of the insert was verified by DNA sequencing performed by ACGT, Inc. (Wheeling, IL, USA). 
Cell culture, transfection procedure and preparation of mammalian cell extracts
The 293T cells were propagated in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum (Hyclone, now Thermo Scientific), 2 mM glutamine, penicillin (50 IU/ml) and streptomycin (50 mg/ml). The cells ($2.4 Â 10 5 /well in a 12-well plate) were transfected with 0.75 mg of either empty pCDNA 3.1(À) vector or an A3A-containing plasmid (WT or mutant), using GenJet TM In Vitro DNA Transfection Reagent (SignaGen Õ Laboratories, Gaithersburg, MD, USA) according to the manufacturer's instructions. Following incubation for 48 h at 37 C in an incubator with 5% CO 2 , the cells were harvested and lysed using M-PER mammalian protein extraction reagent (Thermo Fisher Scientific Inc., Rockford, IL, USA), as described in the manufacturer's manual, in the presence of Complete Protease Inhibitor Cocktail (Roche Diagnostics Corp., Indianapolis, IN, USA). After cell lysis, NaCl (final concentration, 100 mM) and glycerol (final concentration, 10% vol/vol) were added and the resulting mixture was centrifuged at 13 000 g for 10 min. The total concentration of protein in the supernatant was determined using the BCA protein assay kit. To check A3A expression levels in each sample, $20 mg of total protein was subjected to western blot analysis, using the Western Breeze Õ chemiluminescent Western blot immunodetection kit (Invitrogen) and either anti-A3G (for A3A expression) or anti-tubulin (loading control) as primary antibodies.
Deaminase assays
Deaminase assays were performed using a protocol adapted from the procedure described by Iwatani et al. (58) . The substrate was a 40-nt Alexa-Fluor 488-labeled TTCA-containing ssDNA (JL913) ( Table 1) , unless specified otherwise. Activity of cell extracts was evaluated in reactions (final volume, 40 ml) containing the ssDNA substrate (final concentration, 180 nM), reaction buffer [10 mM Tris-HCl buffer (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol (DTT), 1 mM EDTA and 4 U of UDG] and increasing amounts of extract (total protein expressed in mg), as specified; incubation was for 1 h at 37 C. Reactions were terminated by further incubation at 37 C with 10 ml of 1 N NaOH for 15 min, followed by neutralization with 10 ml of 1 N HCl. Analysis was performed by electrophoresis on a 10% denaturing polyacrylamide gel as detailed in Byeon et al. (16) . Gels were scanned in fluorescence mode on a Typhoon 9400 Imager (GE Healthcare) and the data were quantified using ImageQuant software. The values for percent deaminase product formed in each reaction were calculated by dividing the product signal intensity by the total signal intensity in the lane and multiplying by 100. The average of two independent experiments is shown in the figures. Deaminase activity of purified A3A using a UDGdependent gel-based assay was measured as described previously (16) . The data are the average values from three independent experiments. The catalytic C in TTCA and CCCA motifs is underlined throughout the text.
EMSA
EMSA assays were performed with ss and doublestranded (ds) oligonucleotides (Table 1) , using the protocol provided in Byeon et al. (16) . Radioactivity was quantified by using the Typhoon 9400 Imager and ImageQuant software. The values for percent A3Abound nucleic acid were calculated by dividing the intensity of the shifted band (A3A-bound nucleic acid) by the total intensity in the lane (the sum of the intensities of the shifted band, the free nucleic acid band and the area between the shifted and free nucleic acid bands). The % A3A-bound nucleic acid values of at least three independent experiments were averaged (standard deviation 5-10%).
Retrotransposition assay
The assay uses a vector that is similar to the replicationdependent LINE-1 vector originally designed by D. Garfinkel, T. Heidmann and J. Moran (59) (60) (61) . The plasmid used in this study was constructed as follows: (i) a firefly luciferase (luc) expression cassette driven by a cytomegalovirus immediate early promoter was embedded in the 3 0 UTR of the LINE-1 transcription unit such that the luc cassette and LINE-1 are transcribed in opposite orientations; and (ii) a rabbit g-globin intron was inserted into the luc sequence in the sense orientation of the LINE-1 transcript, thereby disrupting the luc open reading frame on the plasmid construct and preventing expression of luciferase from the transfected plasmid. After transfection into 293T cells, the LINE-1 sequence is transcribed, the intron is removed by splicing and the transcript is reverse transcribed and integrated. As a consequence, the now uninterrupted luc gene directs the synthesis of firefly luciferase, whose activity serves as a measure of the retrotransposition events that occurred.
For the retrotransposition assay, a constant amount of the LINE-1 plasmid (0.75 mg) was transfected into 293T cells (see above) with 0.1 or 0.5 mg of pCDNA 3.1(À) plasmids encoding A3A WT or mutant proteins in 12well plates. The total amount of pCDNA 3.1(À) plasmid was set at 0.75 mg for each transfection by adding either 0.65 or 0.25 mg of empty vector, respectively. For controls without A3A, 0.75 mg of empty vector was used. Three days after transfection, the cells were lysed and luciferase activity was determined using the Bright-Glo TM luciferase assay system (Promega Corp., Madison, WI, USA), according to the manufacturer's instructions, 100% luciferase activity corresponds to no inhibition, whereas 0% activity signifies complete inhibition of retrotransposition. Results for retrotransposition assays shown in the figures represent the average of two or three independent experiments.
HIV-1 minus-strand transfer assay
Assay of the minus-strand transfer step in reverse transcription (62-64) was performed using the reaction conditions described previously (65, 66) , except that HIV-1 NC was not added. Briefly, acceptor RNA (148 nt) was heat annealed to 33 
SSDNA] (128 nt) in buffer containing 50 mM Tris-HCl (pH 8.0) and 75 mM KCl. The annealed duplex contains a 54-nt 5 0 ssRNA overhang, which serves as the template for extension of the annealed (À) SSDNA [see diagram in Figure 1C in (66)]. Varying amounts of purified A3A (WT or E72Q mutant), as specified, were added and the mixture was incubated at 37 C for 10 min, after which HIV-1 RT, dNTPs and MgCl 2 (final concentration, 1 mM) were added with further incubation at 37 C for 1 h. Termination of the reactions, electrophoresis in denaturing gels and PhosphorImager analysis were performed as described (67) .
RESULTS
NMR analysis to assess ssRNA deamination and binding to A3A
Human A3 proteins are thought to use ssDNA as the exclusive substrate for deaminase activity. The inability to act on ssRNA has been shown experimentally for purified A3G (58) and in early work, Madsen et al. (24) reported that A3A (known as phorbolin-1 at that time) could not deaminate a mononucleoside or apolipoprotein B cRNA. In our recent study of the A3A NMR solution structure (16) (Figure 1 ), we followed deamination of ssDNA using a real-time NMR assay. Here, we adopted a similar approach to determine whether A3A can deaminate a 9-nt ssRNA with the sequence AUUUCAUUU ( Table 1 , JL1181) ( Figure 2A ). The intensity of the 1 H-13 C HSQC resonance from the only cytosine in the ssRNA sample (1.12 mM), which resonates at 5.945 p.p.m. ( 1 H) and 98.84 p.p.m. ( 13 C), did not decrease after addition of A3A (0.07 mM) and incubation for 1.5 h (left) and 9.6 h (right). This result is in stark contrast to our previous observation with the corresponding 9-nt ssDNA, ATTTCATTT, which was completely deaminated within 1 min under similar conditions (16) . Although unlikely, secondary structure formation could render the cytosine inaccessible to the enzyme; we evaluated this possibility by 1 H 1D NMR. No imino resonances compatible with base pairing in the RNA oligonucleotide were detected, confirming the ss nature of the RNA. 1 H-15 N HSQC spectra were used to study binding of the 9-nt ssRNA to A3A. Figure 2B shows titration isotherms obtained by monitoring changes of amide resonances for several representative A3A residues that are perturbed by the ssRNA binding. Similar titration isotherms were observed for these resonances, yielding a K d value of 0.42 ± 0.07 mM. This indicates that RNA binding is specific, albeit approximately one order of magnitude weaker than binding of the corresponding 9-nt DNA (K d = 0.06 ± 0.01 mM) (16) . In gel-shift assays with a 40-nt ssRNA, the binding efficiency appears to be $3-fold higher for ssRNA than for the corresponding 40-nt ssDNA (16) . This result is most likely caused by both specific and non-specific binding to a long RNA as well as differences in the EMSA and NMR conditions (e.g. differences in oligonucleotide length). The RNA binding site ( Figure 2C ) was mapped onto the A3A NMR structure (PDB code 2m65) and compared with the previously determined DNA binding site ( Figure 2D ) (16) . Although the binding interfaces are similar, interesting differences were observed. Clearly, the number of residues that are located on the binding surface when A3A is bound to RNA is smaller than when it is bound to DNA. Most noticeably, the K30, N57 and Q58 amide resonances exhibited little perturbation on RNA binding, whereas they experienced large changes on DNA binding. This is significant as these amino acids reside at the bottom of the deep binding pocket that accommodates the reactive cytosine base in ssDNA (16) . Thus, the data suggest that a cytosine ring in an RNA substrate cannot be positioned accurately in the catalytic site for deamination.
Differential role of A3A amino acids in nucleic acid binding and deaminase activity
The NMR study allowed us to identify A3A residues that are affected by specific binding of short ssDNA substrates containing a single TTCA deaminase recognition site (16). These residues include amino acids that may play a direct role in deamination and those that may interact with the neighboring nucleotides on both sides of the reactive dC (TTCA). Non-catalytic residues that exhibit the largest chemical shift perturbations include W104, G105, L135 and E138. The two-residue WG sequence is unique to A3A and the C-terminal domain of A3B. In addition, the G65 and F66 residues, located at the center of a flexible loop (loop 3, residues 57-70) that undergoes conformational exchange in free A3A, also show large chemical shift perturbations on binding of ssDNA substrates (16) .
To determine whether any of these residues ( Figure 1A  and B ) are important for A3A catalytic function, we performed alanine scanning mutagenesis and tested the mutant cell lysates in deaminase assays (Figure 3 ). All mutant proteins, except G105A, exhibited deaminase activity, albeit to varying degrees ( Figure 3A) . The protein expression levels of all variants were similar ( Figure 3B ). G105A lacked activity, even when high amounts of protein were present in the reaction. These results suggest that although all of the residues are affected by specific binding to ssDNA substrates, not surprisingly, the individual contributions to A3A's deaminase activity are not equivalent. Data on other A3A residues that interact with nucleic acids are presented below.
A3A binds and deaminates ssDNA oligonucleotides in a length-dependent manner
As we previously mapped the nucleic acid binding sites for short ( 15 nt) ssDNA substrates (16) , it was of interest to further investigate A3A's binding properties by using longer ss and ds nucleic acids (!20 nt). Initially, we determined whether A3A binds to ssDNA in a lengthdependent manner ( Figure 4A ). Gel analysis (EMSA) showed that the amount of bound ssDNA increased with increasing oligonucleotide length from 20 to 80 nt. For oligonucleotides !60 nt, at the highest protein concentration used (100 mM), 73-82% of the input DNA was complexed to protein. Like A3G (58, 68) , A3A interacts poorly with ds nucleic acids with a rank order of binding of dsDNA>DNA-RNA$dsRNA (Supplementary Figure S2) .
To determine whether substrate length influences enzymatic activity, A3A was incubated with 20-, 40-and 60-nt ssDNA substrates ( Figure 4B ). There was no significant difference in the amount of deaminase product when 200 nM A3A was present in the reaction. However, with 100 nM A3A, activity was highest with the 20-nt ssDNA and was reduced by $20 and $25% when the 40-and 60nt substrates were used, respectively, presumably because binding to the larger substrates was not saturated with the lower amount of A3A. Interestingly, in NMR experiments with ssDNAs that were 6, 9 or 15 nt in length, the apparent second-order rate constants (k cat /K M ) for the deaminase activity of the 9-and 15-nt substrates were identical. Moreover, these rate constants were $3-fold higher than the value obtained with the 6-mer (16) , mainly due to the tighter binding of the larger ssDNAs (smaller K M ). This suggests that the minimum substrate length for optimal deaminase activity is between 6 and 9 nt.
Relationship between A3A deaminase activity and inhibition of LINE-1 retrotransposition
An important aspect of this study is to relate our findings on A3A's binding and deaminase properties to its biological functions. We first consider this issue in regard to LINE-1 retrotransposition. Although A3A has been reported to be a potent inhibitor of LINE-1 retrotransposition in cell-based assays (reviewed in refs. 31, 32) , the underlying mechanism is still unclear and questions remain as to whether A3A deaminase activity is necessary for this activity. To investigate this issue, we changed A3A residues that might be important for deamination and/or inhibition of LINE-1 activity. A3A residues that were mutated are highlighted with green asterisks in Figure 1A and are marked on the A3A NMR structure in Figure 1C . Deaminase assays were performed with extracts from 293T cells that were transfected with vectors carrying the A3A genes (WT or mutants). The amounts of expressed protein for WT and all of the A3A mutants were similar ( Figures 5C and 6C and F) . No A3A was present in cells with the empty vector ( Figure 5C ) and the extract was, therefore, devoid of deaminase activity ( Figure 6D ).
As controls, the activities of A3A variants with changes in the highly conserved active site cysteine and glutamic acid residues were tested as well ( Figure 5 ). Substitution of cysteines 101 and 106 by serine (C101S and C106S), which abolishes Zn binding, led to complete loss of deaminase activity, as expected ( Figure 5A) . Similarly, substitution of glutamic acid 72 by aspartic acid (E72D) or glutamine (E72Q) also resulted in abrogation of deaminase activity ( Figure 5A ). These results are in accord with previous mutational studies of active site residues (10, 13) . Whether A3A deaminase activity is necessary for the inhibition of LINE-1 retrotransposition was also tested using these mutants ( Figure 5B ). As expected, WT A3A displayed potent anti-retrotransposition activity ($2% luciferase activity), in agreement with earlier studies (10, 13, (25) (26) (27) (28) (29) (30) . The E72Q and C101S mutants had essentially no inhibitory activity; in contrast, the C106S mutant exhibited moderate anti-LINE-1 activity, whereas the E72D mutant strongly inhibited retrotransposition. The behavior of the E72D mutant contrasts with the lack of inhibitory activity displayed by other Glu mutants, E72Q ( Figure 5B) (10) and E72A (13, 27) .
Deaminase and retrotransposition activities of nonactive site mutants, including those in loop regions ( Figure 1A and C), were also determined ( Figure 6 ). Although A3 loop residues do not directly participate in catalysis, loop 7 residues in A3G-CD2 were shown to play a role in the preferential deamination of CCC-containing ssDNA (6, 51, 69, 70) . Consistent with these observations, mutation of A3A loop 7 residues (Y130, D131, Y132), either singly or in pairs, completely abolished deaminase activity ( Figure 6A ). Moreover, exchanging the entire A3A loop 7 sequence for that of A3G-CD2 ( Figure 1A) ('Loop 7' mutant) caused complete loss of deaminase activity ( Figure 6A ). Interestingly, although P134 is part of a surface that interacts with the 5 0 T in the TTCA recognition motif, the P134A loop 7 mutation had only a small effect on deamination ( Figure 6D ). In addition to P134A, other non-catalytic site mutants (R29A, I26G, R191D and F102) also retained activity with ssDNA substrates, albeit at different levels ( Figure 6D ). This behavior reflects their different locations in the A3A protein structure, which could influence the mode of interaction with nucleic acids.
With the exception of D131E, which displayed a high level of anti-LINE-1 activity, all of the other loop 7 mutants ( Figure 6A ) were able to only weakly inhibit retrotransposition ( Figure 6B ). The dual loss of activity for most loop 7 mutants may be related to the possible loss of the structural integrity of the mutant proteins. Several deaminase-active mutants displayed anti-retrotransposition activities that were as high as that of WT (F102A and P134A; Figure 6E ) or had substantial inhibitory activity (R69A, I26G and R191D; Figure 6E ). However, taken together, the data in Figures 5 and 6 indicate that in most cases, total loss of deaminase activity is not necessarily associated with an inability to inhibit LINE-1 retrotransposition.
Previous studies of A3A inhibition of retrotransposition (see above) suggested that a deaminase-independent mechanism might be involved. To further investigate this hypothesis, we performed retrotransposition assays using different amounts of WT and mutant A3A plasmids. Interestingly, the inhibitory activity increased when the amount of transfected DNA was increased (0.1 and 0.5 mg). The dose dependence was particularly striking for the E72D (Figure 5B ), D131E and Y130F ( Figure  6B ) mutants that displayed no deaminase activity, even at high total protein concentrations ( Figure 5A and 6A , respectively). This gain-in-function (enhanced antiretrotransposition activity) for most of the deaminasenegative mutants suggests the possible existence of additional mechanism(s) that do not require A3A catalytic activity.
For example, deaminase-independent inhibition of LINE-1 retrotransposition by A3A might involve binding to ssDNA intermediate(s). If that were the case, we would expect that the level of anti-LINE-1 activity would be related to the efficiency of ssDNA binding. To probe this possibility, we evaluated binding to an 80-nt ssDNA ( Figure 4C ), using three A3A mutant proteins, E72Q, Y130F and D131E, which were all deaminasenegative ( Figures 5A and 6A ), but exhibiting different levels of anti-LINE-1 activity (Figures 5B and 6B) . Surprisingly, all of the mutants displayed binding levels similar to that of WT, even though they had non-detectable (E72Q), modest (Y130F) or strong (D131E) anti-LINE-1 activities. Thus, it would appear there is no direct correlation between ssDNA binding activity and the ability to inhibit LINE-1 retrotransposition.
A3A does not block nucleotide incorporation by HIV-1 RT
Another biological function of A3A is its ability to inhibit HIV-1 replication in myleoid cells (20, 40, 41) . A3A was shown to inhibit synthesis of viral DNA during HIV-1 reverse transcription, and it was suggested that this activity depends on A3A's ability to edit viral ssDNA (40) . In the case of A3G, in vitro assays (71-74) as well as assays in virus-infected cells (75) (76) (77) (78) (79) provided evidence that A3G can inhibit reverse transcription by deaminasedependent and deaminase-independent mechanisms. Based on A3G's biochemical properties, i.e. its slow dissociation from bound nucleic acid (71, 74) and its ability to oligomerize (54, (80) (81) (82) (83) , it was proposed that deaminase-independent inhibition could result from A3G binding to the ss template, causing a 'roadblock' to RT-catalyzed DNA elongation (63,71,74).
To investigate whether A3A can also interfere with RT movement along the template, we used a modified version of our reconstituted minus-strand transfer assay (65,66), as described in 'Materials and Methods'. As shown in Figure 7 , addition of 5 mM or even 10 mM A3A was not sufficient to reduce the levels of the extension product to any significant extent (compare with RT only reaction), independent of whether WT A3A or the E72Q deaminasenegative mutant was used. This indicates that A3A is unable to directly block RT-catalyzed DNA extension.
A3A has the potential to mutate DNA during transcription and SSB proteins could mitigate this effect As discussed above, A3A functions as a host restriction factor and plays a role in the host innate immune response. However, it appears to also have an opposing biological activity. Thus, its mutagenic potential may exert a detrimental effect on the cells where it is expressed, especially during cellular processes such as transcription, which require transient opening of the duplex (strand separation). To investigate this possibility, we designed short Figure 8A ) and tested their susceptibility to deamination by WT A3A ( Figure 8B) . As expected, a dsDNA lacking any unpaired bases (Duplex) was essentially not deaminated ($3%), even at the highest concentration of A3A used (100 nM). A partially dsDNA that contained a single unpaired dC nucleotide (TB-1) exhibited somewhat higher levels of deamination (16 and 23% with 50 and 100 nM A3A, respectively) Sequential addition of unpaired nucleotides surrounding the central dC (TB-3 to TB-9) led to increasing amounts of deaminase products, up to $90% with TB-9 at 100 nM A3A. Moreover, deamination increased as the concentration of A3A was raised from 50 to 100 nM. The results indicate that access of A3A to the reactive dC in the transcription bubble becomes more facile with increasing ss character and the more flexible structure of the larger bubbles. These data clearly support the notion that A3A is capable of mutating genomic DNA during transcription, in agreement with previous studies by Love et al. (14) using a cell-based transcription system.
The data presented in Figure 8B raise an important question: is there a cellular mechanism that could prevent possible A3A-induced damage to genomic DNA? One possibility is that SSB proteins, which coat ssDNA regions of genomic DNA in the nucleus and are involved in maintenance of genome stability (84), block A3A access to target sequences on unpaired DNAs. Readily available SSB proteins including HIV-1 NC, T4 Gene 32 and E. coli SSB were used to model this scenario in vitro. Deaminase assays were performed after preincubating the ssDNA substrate with different concentrations of these SSB proteins. Negative controls (no protein) and positive controls (A3A only) provided basal and maximal activity for the final experimental conditions ( Figure 8C ). The maximal activity of A3A (positive control, Lanes 2, 6 and 10) remained essentially the same under different buffer conditions. When ssDNA was bound to HIV-1 NC, no change in deamination was observed, whereas T4 Gene 32 or E. coli SSB severely reduced A3A's ability to deaminate the ssDNA substrate. These results most likely reflect rapid on/off nucleic acid binding kinetics of NC (71, 85) as opposed to the slow dissociation of the other two SSB proteins from ssDNA (86) , which would block access of A3A to the DNA substrate. 
DISCUSSION
In the present work, we report biochemical and mutagenesis studies designed to elucidate the molecular properties of A3A and obtain mechanistic insights into A3A function in light of the recently determined A3A NMR structure (16) . Although it is well known that A3A deaminates ssDNA substrates, it was of interest to evaluate, from a structural perspective, whether A3A could also use an ssRNA substrate. Within the human APOBEC family, A1 can deaminate RNA, as required for tissue-specific editing of apolipoprotein B mRNA (87) and activationinduced deaminase (AID), a known ssDNA deaminase that generates antibody diversity (9) , has been implicated in C to U editing of HBV nucleocapsid RNA (88) . In contrast, A3G is not able to deaminate ssRNA (58) .
Here, we directly demonstrate by NMR that A3A is incapable of deaminating RNA (Figure 2A ), in agreement with an earlier observation (24) . In addition, it appears from mapping the A3A-RNA binding interface ( Figure 2C ) that the cytosine ring in a 9-nt RNA does not permit optimal positioning for catalysis. Some of the interactions that were observed with a 9-nt ssDNA (having the same sequence as the 9-nt RNA) (16) are absent, suggesting a less intimate interaction between A3A and ssRNA ( Figure 2C ) compared with its interaction with ssDNA ( Figure 2D ). While this article was under review, Nabel et al. published results showing that differential puckering of the sugar moiety in ssDNA and ssRNA substrates influences selective deamination of ssDNA by AID (89). Thus, it seems possible that the inability of A3A to accommodate the cytosine in ssRNA in the active site and the less intimate contact with ssRNA are related to the sugar pucker of the cytosine ribose ring.
We have extended the previous analysis on the interaction with short ssDNA oligonucleotides to include ssDNA substrates of varying lengths (up to 80 nt) and show that longer oligonucleotides interact more avidly with A3A ( Figure 4A ). This could be due to the greater contribution of non-specific interactions as the length of the oligonucleotide is increased, resulting in increased binding with the longer ssDNAs. NMR analysis demonstrated that although A3A binding to a 9-mer ssDNA is specific, binding to a 15-mer ssDNA involves both specific and non-specific interactions (16) .
Comparison of the nucleic acid binding activities of A3A with A3G in EMSA studies illustrates an interesting difference between the properties of the two proteins. In contrast to one major band seen with A3A ( Figure 4A ), multiple product bands are observed in A3G gel-shift assays, likely due to formation of higher order complexes, even at an A3G concentration of 20 nM (58) . These observations may be related to the fact that A3G multimerizes, especially in the presence of nucleic acids (54, (80) (81) (82) (83) , whereas A3A is monomeric in solution, at least at concentrations <0.2 mM (14, 16) .
The relationship between ssDNA length and deaminase activity is also different for A3A and A3G. At an A3A concentration of 100 nM, deaminase activity is reduced as the length of the ssDNA substrate is increased ( Figure 4B ). Non-specific interactions of A3A with these longer ssDNAs at non-specific binding sites may contribute to this inhibitory effect. In addition, the weak sliding and jumping activities of A3A on nucleic acid substrates (14) may interfere with its ability to locate the active site motif (TTCA) in the longer ssDNAs. At a higher A3A concentration (e.g. 200 nM), however, deaminase activity is independent of substrate length, as A3A activity should be saturated under conditions where the A3A:substrate concentration is $1. In contrast to A3A, A3G exhibits increasing deaminase activity as the length of CCCcontaining ssDNAs is increased from 15 nt to 60 nt (90). This result presumably reflects the fact that A3G has two Zn-binding domains, one of which (the N-terminal domain) exhibits strong nucleic acid binding activity (58, 91) , whereas A3A is a single-domain protein.
Structure-guided mutagenesis, based not only on the A3A NMR structure but also on a model of the complex with the DNA target T À2 T À1 CA +1 (16) , was used to create alanine mutants of several A3A residues that interact with either T À1 (P134), T À2 (W104 and E138) or both (F102 and L135). These mutants exhibit reduced deaminase activity, but the activity is not totally abolished ( Figures 3A and 6A) . Thus, individual amino acid changes may not be sufficient for disrupting interactions that are important for substrate positioning during catalysis. However, changing G105, which contacts T À2 , to alanine, results in complete abrogation of catalytic activity ( Figure 3A) , either due to an unfavorable conformational change in the binding site or loss of the overall structural integrity of the protein. Interestingly, deletion of W104 and G105 results in only partial loss of A3A catalytic activity (17, 33) .
Studies of A3G-CD2 have shown that loop 7 (313-RIYDDQGR-320) ( Figure 1A) is an important determinant of deaminase specificity (preference for CCCA motif) (6, 51, 69, 70) . In our A3A/ssDNA model (16) , several residues (D131, Y132, D133, P134 and L135) that contact bases adjacent to the catalytic C, reside in loop 7 (127-ARIYDYDPL-135) ( Figure 1A) . Although changes of the last two amino acids in this loop (P134 and L135) have only small effects on deaminase activity ( Figures 6D and 3A , respectively), substitutions of residues D131 and Y132 ( Figure 6A ) and D133 (13) lead to complete loss of catalytic function. This indicates that the contributions of individual loop 7 residues to A3A deaminase activity are not equivalent. Interestingly, replacing all A3G loop 7 residues with those found in A3A yields an active protein (92) , whereas an A3A with an A3G loop 7 (Loop 7 mutant) exhibits complete loss of enzyme activity ( Figure 6A ). This is most likely explained by the fact that changing Y132 of A3A to the corresponding residue in A3G (D317) is detrimental to the deaminase activity of A3A (Y132D mutant, Figure 6A ), although A3G with Y317 is active (92) .
Mutation of the Zn-binding residues (H70R, C101S and C106S) and residues that directly contact the C in the TTCA motif (N57A, E72A, E72D and E72Q) abolishes A3A deaminase activity ( Figure 5A) (10, 13, 33) , either by destroying the structural integrity of the protein or by interfering with the correct positioning of the cytosine in the active site. Interestingly, changing the catalytic E72 to Q does not affect structural integrity (Supplementary Figure S1) (16) or ability to bind ssDNA [ Figure 4C ; (16) ]; only deaminase activity is affected. Changes in the flexible loop 3 (F66A and G65A) only partially abrogate the activity of A3A, suggesting that the plasticity of this loop is sufficient to allow binding and/or catalysis.
A key question that arises in studies of A3 proteins is how deaminase activity is related to biological function. One area of interest is the role of deamination in A3A's inhibition of LINE-1 retrotransposition. The data presented here (Figures 5 and 6) indicate that A3A mutations result in three different phenotypes. In some instances, LINE-1 restriction activity is present in the absence of deaminase activity. For example, E72D (Figure 5A and B) and D131E ( Figure 6A and B ) have no enzymatic activity, but exhibit close to WT levels of anti-LINE-1 activity. Other deaminase-negative mutants (e.g. Y130F and Y132D [ Figure 6A and B]) still restrict LINE-1, but to a lesser extent; however, increased expression of A3A increases restriction activity. These findings are in accord with earlier studies showing that no A3A-induced deamination signatures could be detected in LINE-1 DNA (10, 26, 27) .
We have also characterized A3A mutants with the following properties: (i) presence of both deaminase and anti-LINE-1 activities (e.g. F102A and P134A [ Figure 6D and E]); and (ii) absence of both activities (e.g. C101S and E72Q [ Figure 5A and B]). Some examples of mutants with phenotypes (i) and (ii) have also been reported by others (10, 13, 27) . Importantly, these results strongly suggest that although the determinants of deaminase and anti-LINE-1 activities can overlap, they are not identical. Deaminase activity is sensitive to even small changes in the active site geometry and its immediate environment. However, such changes may not significantly affect the anti-LINE-1 activity, as in the case of the E72D and D131E mutants. Thus, taken together, our data support the conclusion that deaminase and LINE-1 restriction activities are not linked. We also considered the possibility that anti-LINE-1 activity might be related to the ability to bind ssDNA. However, the ssDNA binding experiments with A3A mutant proteins show that despite their different anti-LINE-1 activities, binding efficiency in each case was equivalent to that of WT ( Figure 4C ). Thus, under our conditions, the data suggest that inhibition of retrotransposition is not directly correlated with nucleic acid binding activity.
In contrast to LINE-1 retrotransposition, there is strong evidence that the deamination activity of A3A is required for blocking replication of human retroviruses such as HIV-1 and HTLV-1. A3A deamination signatures were observed in HIV-1 (14, 40) and HTLV-1 DNA (36) , and it appears that DNA editing is the primary mode of inhibition of these retroviruses. As A3A binds only weakly to nucleic acids (Figure 2 and 4) (16) and does not multimerize (14, 16) , it is not surprising that A3A fails to block movement of RT during DNA synthesis (Figure 7) .
In addition to deamination of viral ssDNA, A3A has also been shown to edit cytosines present in genomic DNA (15, 44, 45) and in foreign DNA plasmids transfected into mammalian cells (12, 15) . How could an ssDNA deaminase like A3A mutate ds genomic or foreign DNA? Here we show that intact dsDNA clearly is not a good substrate for A3A ( Figure 8B) (10) and that A3A acts only on ss regions present in otherwise ds nucleic acid ( Figure 8B ). This suggests that genomic and foreign DNA in cells would only be accessible to A3A during transient strand opening during processes such as transcription and DNA replication (93) .
APOBEC protein-mediated genomic DNA mutations have been implicated in carcinogenesis (94-101) and a recent report has suggested a role for A3A in DNA break-associated mutations, which are associated with breast cancer (101) . Therefore, one may pose the question: 'how is A3A regulated inside a cell so as not to cause undesirable damage to genomic DNA?' One scenario that is shown here is the possible involvement of SSB proteins, with strong ss nucleic acid binding affinity and slow on-off rates, that could block access to genomic DNA ( Figure 8C ). Interestingly, there is a precedent for the mechanism we suggest: in a recent report, it was shown that replication protein A, a nuclear SSB protein in yeast, strongly inhibits A3G deaminase activity as well as enzyme processivity (102) .
Other mechanisms have also been proposed to explain how genomic DNA mutations by A3A might be prevented. One possibility involves reduction of A3A levels by TRIB 3 (47) . However, this has been questioned in a recent study by Land et al. (48) , where TRIB 3 was reported to be ineffective in preventing DNA damage by A3A. Interestingly, in the same study, localization of A3A within the cytoplasm of monocytic cells was shown to prevent genotoxicity, suggesting that these cells have developed robust mechanisms to protect genomic DNA integrity. However, these mechanisms might be compromised in pathological conditions such as cancer (103) , and therefore need to be evaluated individually for different conditions and cells.
In summary, the present study provides new insights into the biological activities of human A3A by examination of its deaminase and nucleic acid binding properties in the context of its 3D structure. These properties define the nature of A3A's interaction with its nucleic acid substrates and are critical for its role as a host restriction factor and a genomic DNA mutator. How cells regulate undesirable DNA editing by A3A and other human A3 proteins is a major question for future investigation.
NOTE ADDED IN PROOF
During the proof stage of this manuscript, we became aware of a paper by Pham et al., which also reported A3A deaminase activity on partially single-stranded DNA substrates (Pham,P., Landolph, A., Mendez, C., Li, N. and Goodman, M.F. A biochemical analysis linking APOBEC3A to disparate HIV-1 restriction and skin cancer. J. Biol. Chem. doi: 10.1074/jbc.M113.504175).
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